We report and interpret new geochemical and Pb-Sr-Nd isotopic data from 325 samples of shield, late-shield, postshield, and rejuvenated stage lavas from Kauai and Niihau, the two most northwesterly islands in the Hawaiian island chain. Kauai is unique in the Hawaiian chain in that it exhibits a near-continuous geochemical transition from shield to postshield to rejuvenated stage volcanism between 4Á4 and 3Á6 Ma and has been continuously active over $6 Myr. From c. 5Á7 to 4Á3 Ma, the shield stage of both islands produced tholeiitic basalts typical of other Hawaiian shield volcanoes. The Niihau basalts are more evolved and have high Gd/Yb compared with Kauai, indicating a higher residual garnet content in the source. Both Kauai and Niihau shield basalts have Kea-like trace element ratios, but isotopic ratios are transitional between Kea-and Loa-like compositions. The geochemical similarity of the two shields indicates that mantle sources in different regions of the plume source were similar, and that the <2 Ma Loa and Kea trends of the southeastern Hawaiian volcanoes are not observed. More Loa-like compositions are evident in shield lavas from eastern Kauai, where the enhanced Loa composition may reflect melting of low-melting temperature plume components as the island migrates off the hotter, more Kea-like, center of the Hawaiian plume. Postshield lavas and intrusive rocks on both islands are rare: Kauai includes alkalic basalts, hawaiites and mugearites that are isotopically homogeneous and include a significant depleted mantle component compared with the shield basalts, whereas the Niihau late-shield and postshield rocks consist of highly contrasting transitional tholeiites or basanites with variable but shield-like isotopic compositions. The Niihau postshield rocks represent variable, but lower degrees of melting of the shield mantle source. Large volumes of rejuvenated stage lavas cover both islands and also form submarine cone fields, but lava compositions are different. On Kauai, rejuvenated lavas range from melilitite to alkalic basalt with trace element, Nd isotope, and Pb isotope ratios that vary as a function of Th and SiO 2 content. Low-degree (high-Th) melts are dominated by a mixed Kea-Loihi component and high-degree (low-Th) melts include more of a depleted rejuvenated component (DRC) typified by rejuvenated stage lavas and xenoliths from nearby Kaula Island. With the exception of a single basanite, the Niihau rejuvenated stage lavas are uniformly alkalic basalt, with Sr and Ba excesses combined with depleted Th and Nb abundances relative to the light rare earth elements. Rejuvenated stage alkalic basalts from both islands are dominated by contributions from the DRC, which have high Sr/Ce and 87 Sr/ 86 Sr but low 206 Pb/ 204 Pb. The Sr-rich, possibly carbonatebearing, DRC component may be distributed patchily in the rejuvenated stage mantle source such that, where present, the degree of partial melting was enhanced compared with the degree of partial melting of the Sr-poor, mixed Kea-Loihi component. Given the lack of a hiatus between postshield and rejuvenated stages on Kauai, the rejuvenated mantle source is already able to melt at the tail end of shield stage activity and no secondary melting mechanism is required to explain the rejuvenated stage.
INTRODUCTION
The Hawaiian island chain is arguably the best-studied example of intraplate volcanism on Earth. Geological and geochemical data from onland and submarine studies show that Hawaiian volcanoes go through as many as four growth stages during their lifetimes: an initial alkaline, pre-shield stage, a volumetrically dominant tholeiitic shield stage, a second alkaline and commonly highly differentiated postshield stage, and finally a distinctly silica-undersaturated rejuvenated stage (e.g. Clague & Frey, 1982; Frey & Clague, 1983; Chen & Frey, 1985; Clague, 1987; Clague & Dalrymple, 1987; Wolfe et al., 1997; Lipman et al., 2002; Sherrod et al., 2003; Hammer et al., 2006; Clague & Sherrod, 2014) . The four stages are interpreted to reflect the variation in magma supply from, and the degree of partial melting of, the underlying mantle with time (e.g. Clague, 1987) . The stage concept developed at Hawai'i has been applied to other intraplate volcano chains (e.g. Wright & White, 1987; Cousens et al., 1990; Hoernle & Schmincke, 1993; Geldmacher & Hoernle, 2000) .
Adjacent Hawaiian volcanoes are commonly geochemically distinct, particularly in trace element and isotopic composition, and correlate with curved subparallel 'trends' of volcanoes within the island chain ( Fig. 1,  inset ) (e.g. Jackson et al., 1972; Tatsumoto, 1978; Ihinger, 1995) . Southeast of Kauai, the two trends are termed the Loa and Kea trends after the Mauna Loa and Mauna Kea volcanoes (Fig. 1, inset) . The chemical distinctions between these trends are commonly considered to reflect compositional zonation (bilateral or radial) within the mantle plume source or thermally controlled melting of randomly mixed chemical components at the plume center or plume margin (Frey & Rhodes, 1983; DePaolo et al., 2001; Abouchami et al., 2005; Ren et al., 2005 Ren et al., , 2006 Bianco et al., 2008; Huang et al., 2011b; Weis et al., 2011; Xu et al., 2014) . Abouchami et al. (2005) proposed that the parallel Loa and Kea trends exist only SE of the Molokai Fracture Zone (MFZ, Fig. 1, inset) . Gaffney et al. (2005) determined that the extreme Loa composition (Koolau) is evident only NW of Kahoolawe and that Kea compositions become more dominant during the last 2 Myr. Although Kauai and Niihau fall on different curving 'trends' at the northwestern end of the island chain ( Fig. 1, inset) , it is unknown if they also correspond to distinct geochemical trends as is seen in the islands to the SE.
The identity of the components that produce the variations in Hawaiian magmas is a major topic of research. The components are commonly named after the volcano that displays the extreme endmember composition, including LOA (Mauna Loa), KEA (Mauna Kea), KOO (Koolau) , LO (Loihi) , as well as DM (depleted upper mantle) and DRC (depleted rejuvenated component).
Compared with the shield stage, a DM or DRC component becomes increasingly important in the postshield and rejuvenated stage of each volcano (Chen & Frey, 1985; West & Leeman, 1987; Clague & Dalrymple, 1988; Xu et al., 2005; Garcia et al., 2010; Bizimis et al., 2013; Clague & Sherrod, 2014) .
Kauai and Niihau, the northwesternmost large islands in the Hawaiian island chain (Fig. 1 ) consist of shield, rare postshield, and voluminous rejuvenated stage lavas (Table 1) . Thus these islands offer the opportunity to determine what mantle sources were involved in shield-stage volcanic activity prior to the establishment of the current Loa and Kea trends. Because the islands form a transect across the Hawaiian plume track, they provide an opportunity to study heterogeneity within the mantle plume. The abundant rejuvenated stage lavas from Kauai and Niihau (Koloa Volcanics and Kiekie Basalt, respectively) allow for further understanding of this controversial, late phase of Hawaiian volcanism. To date, the geochemistry of shield lavas (Holcomb et al., 1997; Mukhopadhyay et al., 2003) and postshield rocks (Clague & Dalrymple, 1988; Garcia et al., 2010) from Kauai has been investigated, but no studies of shield volcanism on Niihau have been undertaken. The Koloa Volcanics have been well characterized (Feigenson, 1984; Clague & Dalrymple, 1988; Maaløe et al., 1992; Lassiter et al., 2000; Hearty et al., 2005; Garcia et al., 2010) whereas only one study of the Kiekie Basalt of Niihau has been completed (Dixon et al., 2008) .
In this study, we present petrographic, major and trace element, and Pb-Sr-Nd isotopic data for shield, late-shield (Niihau only), postshield and rejuvenated stage lavas and intrusions from Kauai and Niihau. Samples include onshore lavas as well as submarine lavas collected by ROV Tiburon (Dives T316-T324) in 2001. Our goal is to compare the geological evolution of the islands, in terms of the timing of shield, postshield and rejuvenated stages of activity, and to evaluate the geochemical similarities and differences between the neighboring islands. We investigate the applicability of zoned plume models developed for young Hawaiian volcanoes to Kauai and Niihau, and address the question that Kauai is composed of two shield volcanoes. Offshore Niihau includes a unique suite of undated alkaline lavas that does not easily fit into the Hawaiian stage framework. We review the chemistry and chronology of rejuvenated stage lavas from Kauai to establish the onset of the rejuvenated stage and the implications for their origin. Finally, we investigate the importance of an Sr-and Ba-rich carbonate component for the compositional range seen in rejuvenated stage lavas from Kauai, Niihau, and other Hawaiian islands.
STAGES OF HAWAIIAN VOLCANISM
Of the four stages of volcanism during the lifetime of a Hawaiian volcano, three are present on Kauai and Niihau: shield, postshield, and rejuvenated (Clague & Dalrymple, 1987) . The shield stage dominates the volume (80-95%) of a Hawaiian volcano as the volcano sits over the center of the hotspot where the magma supply is at a maximum. Shield lavas are tholeiitic basalts. Towards the end of the shield stage, late-shield, mildly alkaline lavas may be interbedded with tholeiitic lavas (Sherrod et al., 2007; Clague & Sherrod, 2014) .
As the volcano moves away from the hotspot it enters the postshield stage, where the magma supply diminishes, the degree of partial melting decreases, and the depth of magma reservoirs beneath the volcano increases. Erupted lavas are commonly more alkaline and more fractionated, with compositions that range from alkalic basalt to trachyte (e.g. Frey et al., 1990; Clague & Sherrod, 2014) . At some Hawaiian volcanoes, the transition from late shield to postshield is difficult to ascertain [see discussion by Sherrod et al. (2007) ].
The final stage of volcanism, the rejuvenated stage, commonly occurs after a hiatus in volcanic activity ranging from $2 to 0Á6 Myr, or even less (Clague & Sherrod, 2014) . Lavas are generally silica-undersaturated and K 2 O-rich, including alkalic basalt, basanite, nephelinite and melilitite, but can overlap in composition with the range of postshield lavas (Clague & Sherrod, 2014) . Most rejuvenated stage lavas are volatile-rich, are usually MgO-rich, and do not appear to have resided in crustal magma reservoirs. A characteristic feature of rejuvenated stage lavas is low 87 Sr/ 86 Sr compared with shield and most postshield lavas.
There is some controversy over whether a prolonged hiatus in volcanic activity or lava chemistry best distinguishes the rejuvenated from the postshield stage. At Haleakala Volcano, the Honomanu Basalt shield tholeiites are overlain by Kula Volcanics of postshield origin, and the Kula lavas are then overlain by Hana Volcanics lavas with only a short (0Á03 Myr) time gap. Some studies consider the Hana Volcanics to be rejuvenated stage in origin based on chemistry (lower 87 Sr/ 86 Sr, more silica-undersaturated; Chen & Frey, 1985; West & Leeman, 1987; Chen et al., 1990 ) whereas others consider the Hana vents and flows to be a continuation of Kula postshield activity based on the lack of a volcanic hiatus .
GEOLOGY OF KAUAI AND NIIHAU Kauai
The island of Kauai is composed of shield tholeiites of the Waimea Canyon Basalt that dominate the western half of the island, whereas alkalic lavas of the rejuvenated-stage Koloa Volcanics cover most of the eastern half of the island (gray area, Fig. 2 ) (Clague & Dalrymple, 1987; Sherrod et al., 2007) . The Waimea Canyon Basalt is split into four members (Table 1 , Fig. 2 ). The tholeiitic lavas of the Napali Member are dated at 5Á77-4Á35 Ma (Macdougall, 1964 (Macdougall, , 1979 Garcia et al., 2010) . The Haupu Member lavas, making up a small ridge on the SE side of the island, are dated between 4Á30 and 4Á46 Ma . The Olokele Member fills a large summit caldera 16 km by 20 km in the north-central part of the island, and consists of thick lava flows including one flow of postshield hawaiite at the top of the section (Table 1) . Only the hawaiite flow has been dated, at 3Á95 6 0Á05 Ma (Clague & Dalrymple, 1988) . The Makaweli Member flows fill a graben extending south from the center of the island, including two postshield hawaiite and mugearite flows, dated at 3Á87 Ma (Macdougall, 1964) and 3Á91 Ma (Clague & Dalrymple, 1988) , and underlying tholeiitic lavas dated at between 4Á15 and 3Á60 Ma (Table 1) (Macdougall, 1964; Clague & Dalrymple, 1988; Garcia et al., 2010; Clague & Sherrod, 2014) . Kalepa Ridge, composed of Napali Formation lavas near the east coast of Kauai, is cut by an alkalic basalt dyke dated at 4Á39 6 0Á19 Ma (Fig. 2 , purple dot) (Clague & Sherrod, 2014) . Although the age of this dyke overlaps those of younger shield lavas and it might be termed late-shield, its isotopic composition is nearly identical to those of the more evolved postshield flows of the Olokele and Makaweli Formations. Clasts of probable postshield alkali basalt were also recovered from conglomerate units in water well drill cuttings from the Lihue Basin .
The lavas of the Napali Member are typically thin, vesicular olivine basalts that dip away from the center of the island (Macdonald et al., 1960) . Lava flows of the Olokele Member are thicker, less vesicular, and more flat-lying than those of the Napali Member, and olivine basalt is also the dominant rock type. Picritic basalts are reported to be more common in the Olokele and Makaweli Members than in the Napali Member (Macdonald et al., 1960) . The Haupu Member lava flows physically resemble lavas of the Olokele Member, and both suites of lavas are interpreted to have ponded in Clague & Sherrod (2014) . Geochronology sources are listed in the text. The oldest Paniau Basalt age of 6Á30 6 1Á19 Ma is not included owing to the imprecision of the analysis (K-Ar, G. B. Dalrymple, cited by Sherrod et al., 2007) . In many cases, K-Ar ages may be too young (e.g. Niihau Paniau Basalts, Kauai postshield lavas) and we have adjusted the age ranges shown here to be our best estimates of the duration of volcanic stages.
calderas. Our Haupu lavas are olivine basalts with olivine abundances <15%. Makaweli Member lavas are similar in composition to Olokele Member olivine basalts, with olivine crystals up to 1 cm in size.
The Koloa Volcanics of Kauai represent rejuvenatedstage volcanism on the island (Table 1) . Koloa vents and flows are scattered across the island but are concentrated in the Lihue Basin, a lowland on the east side of the island (Fig. 2 , gray area) that is blanketed by Koloa volcanic rocks to a depth of over 200 m . Koloa alkalic volcanic rocks are typically basanites, largely ranging in age from 2Á6 to 0Á15 Ma (Clague & Dalrymple, 1988; Hearty et al., 2005; Garcia et al., 2010) . A basanite flow from west-central Kauai (Clague & Dalrymple, 1988; Garcia et al., 2010) yields older K-Ar ages of 3Á65 6 0Á03 Ma and 3Á92 6 0Á06 Ma, respectively. This flow is compositionally indistinguishable from the Koloa Volcanics, and is emplaced on top of a strand of stream cobbles, some of which are also compositionally like Koloa Volcanics (Feigenson, 1984) . Including this basanite flow in the Koloa Volcanics dramatically increases the duration of rejuvenated stage volcanism on Kauai, and indicates that this stage began immediately after, or during, the postshield stage. Ar ages from Koloa alkalic basalt, basanite and nephelinite from the Hanamaulu (HTZ) well in the Lihue Basin range from 3Á42 to 3Á11 Ma, demonstrating that Koloa volcanism began well before 2Á6 Ma (Izuka & Sherrod, 2011; Sherrod et al., 2015) .
On Hawaii, alkalic basalts can be distinguished from basanites and nephelinites by the presence, in the groundmass, of plagioclase in the former and nepheline in the latter (Clague & Dalrymple, 1988) . Based on this, approximately 40% of the Koloa lavas in this study are alkalic basalt and 30% are either basanite or nephelinite. Olivine occurs as a phenocryst phase in all lavas, rarely accompanied by pyroxene. The remaining Koloa lavas, including eight submarine lavas, have fine-grained or glassy groundmasses that lack either plagioclase or nepheline.
Abundant rainfall on Kauai results in significant lowtemperature alteration in lavas from all stages (e.g. . Alteration results in high loss on ignition (LOI), commonly between 2 and 10%, and leaching of alkalis. Our shield and postshield samples have total volatile contents <5%, whereas rejuvenated lavas have less than 2Á6% volatiles, making them considerably fresher than many analyses published previously. 
Niihau
The east-central portion of Niihau is a highly dissected shield composed of tholeiitic lavas of the Paniau Basalt (Table 1) (Stearns & Macdonald, 1947; Sherrod et al., 2007) . Approximately 300 m of thin, vesicular pahoehoe and a'a' flows are exposed on the eastern cliff face and are cut by numerous dykes. Dated Paniau tholeiites range from 6Á30 6 1Á19 to 4Á33 6 0Á45 Ma (K-Ar, G. B. Dalrymple, cited by Sherrod et al., 2007) . The lavas include olivine basalt, basalt, and picritic basalt, although picritic lavas are less common than on Kauai (Stearns & Macdonald, 1947) .
Our samples of Paniau shield basalts range from aphyric to olivine phyric, and commonly include plagioclase and pyroxene phenocrysts. All Paniau basalts have holocrystalline matrices, including plagioclase, pyroxene, Fe-Ti oxides 6 minor olivine. Submarine Paniau basalts are poorly vesicular, and include 5-10% euhedral to subhedral olivine phenocrysts with weathered rims set in a dense to glassy matrix.
A 60 m high intrusive plug in east-central Niihau, Ka'eo (purple dot, central Niihau, Fig. 2 ), is composed of olivine-bearing alkalic basalt and is interpreted to be a postshield intrusive body within the Paniau Basalt unit (Langenheim & Clague, 1987) . Two samples from Ka'eo yield ages of 5Á15 6 0Á11 and 4Á86 6 0Á11 Ma, and fall within the age range of shield volcanism. We refer to these lavas and dykes as 'late-shield', given that their K-Ar ages overlap with those of shield lavas (Table 1) but on geological grounds they are younger than Paniau shield basalts. Two other mildly alkaline dyke rocks from the NE coast of Niihau, samples 70NII-23 and 75NII-10, are interpreted to be late-shield in origin.
Steep, conical cones of alkalic basalt erupted during the late-shield to postshield stage are found offshore of Niihau and are composed of fragmental and highly vesicular lavas . Two 40 Ar/ 39 Ar analyses of lavas from one of these cones (Dive T321) yielded ages of 4Á93 6 0Á44 and 4Á74 6 0Á54 Ma (Clague & Sherrod, 2014) . In addition, a mildly alkaline basalt from a steep scarp sampled during Dive T322 has been dated by 40 Ar/ 39 Ar at 5Á42 6 0Á11 Ma [listed as a shield stage basalt by Clague & Sherrod (2014) ]. We consider these lavas to be late-shield owing to the overlap in age with the Paniau Basalt, supported by the observation that the cones overlie submerged Paniau shield basalts. Most submarine late-shield lavas are glassy with a vesicular groundmass but some include abundant olivine and plagioclase phenocrysts. Pyroxene is a minor phenocryst phase in 30% of the cone samples.
Dives T319, T320, and T321 recovered a second group of basaltic lavas of unknown age from steep cones that we refer to as the Niihau submarine alkalic suite (postshield, Table 1 ). These lavas consist of frothy glasses, with 40-50% round vesicles from 0Á5 to 3 mm in size. Both olivine and pyroxene are phenocryst phases. All samples lack plagioclase as a phenocryst or as microlites in the groundmass. Pyroclastic rocks include olivine crystals similar to those seen in the lavas.
The eroded subaerial shield is surrounded on all but the east side by flat-lying rejuvenated stage lavas and vents of the Kiekie Basalt (Table 1) . Kiekie lavas in some valleys on the island lie in contact with steep valley walls, and coastal plain lavas are commonly in contact with steep cliffs or talus fans of Paniau Basalt (Stearns & Macdonald, 1947) . The lavas are alkalic basalts, transitional to tholeiites, in composition (Dixon et al., 2008) . Kiekie Basalt samples from onland exposures vary in age from 2Á32 to 0Á35 Ma, although most are less than 1 Myr old (K-Ar, G. B. Dalrymple, cited by Sherrod et al., 2007) . The onland lavas of the Kiekie Basalt, erupted from six vents, are generally pahoehoe, ranging from poorly to highly vesicular (Stearns & Macdonald, 1947) . The onland lavas are extremely uniform petrographically, consisting of 5-10% euhedral to subhedral, variably weathered olivine phenocrysts 1-2 mm in size, set in a fine-grained groundmass of olivine, plagioclase, pyroxene, Fe-Ti oxides, and minor glass. Samples 70NII-28 and -29 are dense blocks from the tuff deposits of Lehua Island situated at the north end of Niihau.
Kiekie lavas also form flat-topped submarine cones on the NW flank of the island Holcomb & Robinson, 2004; Dixon et al., 2008) and are considered to form as continuously overflowing lava ponds . Four 40 Ar/ 39 Ar analyses of submarine Kiekie lavas yield values of 1Á37 6 0Á32, 0Á50 6 0Á04, 0Á50 6 0Á10 (two samples from the same cone), and 0Á39 6 0Á09 Ma (Clague & Sherrod, 2014) . Lavas from flat-topped cones were sampled during ROV Tiburon Dives T317, T318, T322 and T323. Lavas from Dives T317 and T318 range from aphyric with a finely holocrystalline plagioclase-pyroxene-glass matrix, to slightly olivine-plagioclase phyric in a slightly vesicular glass groundmass. Sample T318-R19 is distinct in containing no plagioclase and is modally a basanite, consistent with its low SiO 2 and high alkali contents. Dives T322 and T323 recovered olivine 6 plagioclase porphyritic glassy lavas.
Details of sampling on Kauai and Niihau are given in Supplementary Data (SD) Electronic Appendix 1 (supplementary data are available for downloading at http:// www.petrology.oxfordjournals.org). Sample location maps are included in SD Electronic Appendices 2-5. Photomicrographs and detailed descriptions of rock samples are found in Electronic Appendix 6.
ANALYTICAL TECHNIQUES
A complete description of the analytical techniques used is given in SD Electronic Appendix 1. Tables of geochemical data for Kauai and Niihau samples are in SD Electronic Appendices 7-11.
Whole-rock major and trace element analyses of Kauai lavas were performed by X-ray fluorescence (XRF) spectrometry and inductively coupled plasma mass spectrometry (ICP-MS) at Washington State University (SD Electronic Appendices 7-9). Major element determinations of two glassy submarine basalts from Kauai were performed using a JEOL Superprobe at the US Geological Survey in Menlo Park, California (Electronic Appendices 9 and 10). Major element analyses of onland Niihau lavas and intrusive rocks (69X-013 and 'xxNII-yy' series) were performed at the US Geological Survey in Denver, Colorado using classical wet chemistry (Jackson et al., 1987) and trace element analysis was by ICP-MS at Washington State University (Knaack et al., 1994 ) (SD Electronic Appendix 11). Whole-rock and basalt glass analyses of submarine Niihau rocks were performed using the same techniques as described above for submarine lavas from Kauai. The microprobe glass analyses for 57 submarine Kiekie Basalt samples, and XRF major and ICP-MS trace element analyses for 19 of the same samples were published by Dixon et al. (2008) . The entire glass dataset is presented in Electronic Appendix 10 with MgO adjusted upwards by a factor of 1Á052 to account for a revision in glass standard VG2 from 6Á72 to 7Á07% MgO. Lead, Sr and Nd isotopic analyses were performed on subsets of all of the above samples at the Isotope Geology and Geochronology Research Centre (IGGRC) at Carleton University [using the techniques of Cousens (1996) ]. Isotopic data are listed in Electronic Appendices 7, 9 (including a new isotopic analysis for Kiekie sample T318-R19), and 11. Estimates of analytical precision are included in the Electronic Appendix data files.
RESULTS

Shield stage Kauai
Whole-rock and glass analyses for shield and postshield lava types from Kauai and Niihau are plotted in a total alkalis versus silica classification diagram in Fig. 3a (Le Bas et al., 1986) . Shield lavas from Kauai are all tholeiitic and form an elongate array in the alkalis-silica plot. The more silica-poor samples have MgO > 20% and follow an olivine-accumulation trend (see also Maaløe et al., 1989; Mukhopadhyay et al., 2003) . All major element oxides except FeO increase with decreasing MgO and follow fractionation trends consistent with olivine crystallization (Fig. 4a) . Ratios of CaO/Al 2 O 3 cluster between 0Á7 and 0Á8 across the range of MgO values, a feature again consistent with primarily olivine crystallization.
Post-emplacement alteration owing to tropical weathering is a common problem in studies of old lava shields. Samples with K 2 O/P 2 O 5 < 1 are considered to be altered (leached of alkalis) (e.g. Frey et al., 1990) . Shield lavas from Kauai show strong positive correlations between K 2 O/P 2 O 5 and K 2 O, with K 2 O/P 2 O 5 ranging from 0Á4 to 1Á8 (SD Electronic Appendix 12). Loss-on-ignition values that approximate the volatile contents of the lavas are less than 4Á5 wt %. For samples with K 2 O/P 2 O 5 < 1, only the most immobile trace elements are plotted in geochemical variation diagrams.
From Fig. 5a it can be seen that positive correlations with MgO are shown by Cr and Ni, whereas negative correlations are shown by the incompatible trace elements such as Sr, Nb, Zr, Sc, V and the rare earth elements (REE).
Kauai shield tholeiites exhibit extremely uniform primitive mantle-normalized incompatible element patterns (SD Electronic Appendix 13, panel A). With only seven exceptions, primitive mantle-normalized (pmn) La/Sm pmn ranges from 1Á1 to 1Á5, and Gd/Yb pmn from 2Á2 to 2Á6 (Fig. 6 ). Other trace element ratios cover a range of values, including Zr/Nb (10-13), Ba/Nb (4-11), and Nb/Y (0Á3-0Á8) (SD Electronic Appendix 13, Panel B). The seven exceptions include three tholeiites, 88KA-1, 88KA-2, and 88KA-7, which have highly anomalous REE abundances that indicate post-emplacement uptake of REE (e.g. see Fodor et al., 1992 Fig. 7a  and b) . The observed ranges of isotopic ratios are similar to those of previous studies (Feigenson, 1984; Park, 1990; Holcomb et al., 1997; Mukhopadhyay et al., 2003; Garcia et al., 2010; Utami et al., 2013 (Fig. 7b) . The four formations of the Waimea Canyon basalt show no differences in magmatic evolution, based on major element oxides vs MgO content. However, compared with Napali formation lavas from the west side of Kauai, lavas from the Napali and Haupu formations on the east side of Kauai have different ranges in isotope ratios and some trace element ratios (Fig. 8) Holcomb et al. (1997) , Mukhopadhyay et al. (2003) , and Utami et al. (2013) and are supported by analyses of Haupu lavas by Garcia et al. (2010) .
Niihau
Onland shield lavas from Niihau are tholeiitic, but have a much more restricted range of SiO 2 and MgO values than the Kauai shield rocks (Figs 3a and 4a) . Niihau shield lavas have, with five exceptions, less than 8% MgO, and major element oxides increase with Garcia et al. (2010) . Kauai Shield field encloses previous analyses of Kauai shield basalts (Mukhopadhyay et al., 2003; Garcia et al., 2010) . Niihau postshield alkaline suite Dive T320 lavas are split into glass (gl) and whole-rock (wr) analyses; T319 field includes both glass and whole-rock analyses. Dashed field Ns encloses submarine shield lavas from Niihau. Late-shield submarine samples have underlined symbols. (b) Total alkalis-silica diagram for rejuvenated stage lavas from Kauai and Niihau, and Niihau alkaline postshield lavas. Niihau rejuvenated sample T318-R19 plots in middle of basanite field. Koloa field encloses previous analyses of Koloa Volcanics (Kauai) (Feigenson, 1984; Maaløe et al., 1992; Garcia et al., 2010) . Points labeled HTZ are dated Koloa lavas from Sherrod et al. (2015) . decreasing MgO, with the exception of CaO. CaO/Al 2 O 3 decreases with decreasing MgO, suggesting that clinopyroxene is a fractionating phase in Niihau shield basalts.
Two dives (T318, T322) along a steep scarp on the NW flank of Niihau encountered massive lava flows interpreted from field observations to be shield lavas. Data from the submarine shield rocks from the NW flank of the island form two groups (SD Electronic Appendix 11); five of these rocks plot within Kauai onland shield lavas (Ns field, Fig. 3a ), whereas nine have considerably higher total alkali contents and plot with Niihau onland late-shield basalts in Fig. 3 (submarine rocks are underlined symbols). The nine submarine late-shield lavas include the basalt dated at 5Á42 6 0Á11 Ma (T322-R17; Table 1 ). Samples of both shield and late-shield rocks were collected along each dive track. The late-shield basalts were collected nearer the top of the slope on Dive T322. MgO contents are distinctly different: the subalkaline lavas have MgO between 11Á53 and 18Á29% (Ns field, Fig. 4a ), whereas the more alkaline lavas have MgO between 5Á61 and 9Á70% (SD Electronic Appendix 11). In addition to higher K 2 O, the more alkaline late-shield submarine lavas have higher TiO 2 and P 2 O 5 than the subalkaline submarine basalts.
Shield lavas from Niihau show strong linear correlations between K 2 O/P 2 O 5 and K 2 O, with K 2 O/P 2 O 5 ranging from 0Á6 to 1Á9 (SD Electronic Appendix 12). The submarine shield lavas from Niihau have K 2 O/P 2 O 5 between 0Á6 and 1Á5. The low K 2 O/P 2 O 5 suggests that the submarine flows were initially emplaced above sea level, underwent alteration, and then subsided to their present depth.
Onland Niihau basalts have low Ni and Cr values, but submarine Niihau shield basalts have high MgO, Cr and Ni that overlap with the Kauai shield lavas (Fig. 5a ). Cr and Ni concentrations decrease with decreasing MgO, consistent with olivine accumulation and/or fractionation. V and Sc are highly variable in Niihau shield rocks with MgO < 8 wt %. Incompatible trace elements all increase with decreasing MgO in Niihau shield lavas (Fig. 5a) , with a steeper trend at MgO < 7 wt %.
Niihau shield basalts are very uniform in terms of incompatible element patterns, with La/Sm pmn and Gd/ Yb pmn values that overlap the range for Kauai shield tholeiites; Niihau tholeiites cluster at higher Gd/Yb pmn values (2Á2-3Á3) than the major cluster of Kauai shield lavas (2Á2-2Á7) ( Nd for all samples in this study. Analyses of three Kauai rejuvenated stage lavas from the HTZ core (Sherrod et al., 2015) are indicated with arrows. Gray squares and black triangles are data for Kauai shield and rejuvenated stage, respectively, from Park (1990) Pb in all samples from this study. Symbols for data from Park (1990) and arrows for HTZ samples are as in (a). Line separating Kea-type and Loa-type Hawaiian shield basalts is from Abouchami et al. (2005 
Late-shield to postshield stage Kauai
On Kauai, postshield rocks have been sampled from the upper parts of the Makaweli, Olokele, and Napali members of the Waimea Canyon series, which range in age from 4Á39 to 3Á91 Ma (Clague & Dalrymple, 1988) . Garcia et al. (2010) analyzed seven lavas from Kauai that they included in the postshield stage, including two tholeiitic basalts, two hawaiite-mugearites, and three basanites (Fig. 3a) . The range in K-Ar ages of these lavas, from 4Á00 6 0Á03 to 3Á58 6 0Á05 Ma, was used by Garcia et al. (2010) to assign them to the postshield stage.
Postshield lavas of this study range from alkalic basalt to mugearite in composition ( Fig. 3a) (Fig. 4a) . These major element characteristics are consistent with Fe-Ti oxide and clinopyroxene fractionation starting from a mildly alkalic basalt magma and ending with hawaiite and mugearite. It should be noted that the most MgO-rich postshield rock, alkalic basalt dyke sample 88KA-3, has higher TiO 2 and K 2 O than shield basalts with the same MgO content.
Compatible trace elements Cr and Ni follow trends in the shield basalts (Fig. 5a ), but Cr and Ni abundances drop to near zero in the more evolved lavas. Sc abundances are also much lower in the postshield evolved lavas than in the shield basalts, consistent with an increased role for clinopyroxene fractionation. Incompatible trace elements such as Sr, Zr, Nb, and the REE (e.g. Ce) (as well as Rb, Ba and Th, not shown) are enriched in postshield lavas compared with shield basalts ( Fig. 5a ) and the abundances of the incompatible elements increase by approximately a factor of two from alkali basalt (MgO $ 11%) to mugearite (MgO < 6 wt %).
Primitive mantle-normalized incompatible element patterns are shown in SD Electronic Appendix 13, panel C. 
Niihau
Late-shield rocks, collected from three localities on the island of Niihau and from submarine cones on Dives T319-T321, are transitional from tholeiitic to alkaline ( Fig. 3a) and have lower SiO 2 than the onland Niihau shield basalts. Onland late-shield lavas from Niihau have K 2 O/P 2 O 5 > 1 (SD Electronic Appendices 11 and 12). Samples 75-NII-1, 2, and 4, from the Ka'eo Hill plug in the central part of the island, are rich in MgO ($13%) and Ni (690-1436 ppm) compared with the two dykes Nd and higher Zr/ Nb than lavas from the west side (see also Holcomb et al., 1997; Mukhopadhyay et al., 2003) , suggesting that different sources were tapped during construction of the island.
from the NW coast of the island (8Á33 and 6Á14% MgO, 214-136 ppm Ni). Ka'eo samples also include abundant xenocrystic olivine, and the abnormally high Ni abundances suggest that the olivine xenocrysts may include excess Ni compared with olivine phenocrysts (Fig. 5a ). In addition to their more alkaline character (higher K 2 O and TiO 2 ), CaO/Al 2 O 3 and Sc are somewhat lower in late-shield rocks (especially Ka'eo Hill samples) compared with Niihau and Kauai shield basalts, consistent with minor clinopyroxene fractionation (Figs 4a and 5a).
Both onland and submarine late-shield lavas are very similar compositionally. Incompatible element patterns (SD Electronic Appendix 13, Panel C) and ratios (Fig. 6) for the submarine lavas are almost indistinguishable from onland late-shield intrusions. Samples T321-R6 and R7 are slightly enriched in the most incompatible elements and depleted in the less incompatible elements, such that their patterns cross those of the other late-shield lavas (SD Electronic Appendix 13, Panel C). The late-shield lavas are isotopically indistinguishable in Pb, Sr and Nd from the Niihau shield basalts ( Fig. 7a and b) . The exception is sample T321-R6, which has the lowest Pb isotope ratios ( 206 Pb/ 204 Pb ¼ 18Á05) of all shield and late-shield rocks from Niihau. Late-shield rocks were included within the Paniau Basalt by Langenheim & Clague (1987) based on the indistinguishable ages of the tholeiitic and transitional basalts, and the similarities in chemistry between the two lava groups at Niihau are consistent with this interpretation.
Rejuvenated stage Kauai
Rejuvenated stage lavas of the Koloa Volcanics on Kauai include alkalic basalts, basanites, nephelinites and melilitites (Fig. 3b) . Included in Fig. 3a are three basanite samples that Garcia et al. (2010) (Fig. 4b) . Although CaO/ Al 2 O 3 broadly decreases with decreasing MgO, Sc abundances show a scattered increase with decreasing MgO (Fig. 5b) , ruling out clinopyroxene fractionation. Ni and Cr abundances decrease with decreasing MgO, whereas the abundances of most incompatible elements such as Sr, Nb and the LREE (e.g. Ce) show a diffuse, highly scattered decrease with decreasing MgO (Fig. 5b) .
Normalized incompatible element patterns for our new analyses of Koloa lavas are shown in SD Electronic Appendix 13, Panel D. Although the shapes of the patterns are all similar, the slopes vary and patterns commonly cross in the MREE range. All lavas show positive spikes at Ba, Nd, and less commonly Sr, and troughs at Th and U, K, Zr and Hf, and Ti. La/Sm pmn ranges from 2Á4 to 4Á2, and Gd/Yb pmn from 2Á6 to 6, demonstrating variable LREE enrichment and HREE depletion in Koloa lavas (Fig. 6) . The observed depletion in U and Th compared with adjacent elements Ba and Nb is similar to that seen in postshield rocks from Kauai.
Our isotopic analyses of onland Kauai Koloa lavas mirror those of previous studies ( Fig. 7a and b) Pb and form a data array with a higher slope than the shield data (Fig. 7b) . All three analyzed and dated Koloa lavas from the Hanamaulu Town (HTZ) groundwater drill hole (Sherrod et al., 2015) plot within the range of rejuvenated lavas on Kauai.
The ROV Tiburon Dive T316 recovered both alkalic basalts and basanites, whereas Dive T324 collected only basanites (SD Electronic Appendix 9). The submarine samples have high MgO that fall within the range of onland lavas, other than two samples (one glass, one whole-rock) with MgO <7 wt % (SD Electronic Appendices 9 and 10). Rejuvenated lavas with MgO <9% are rare on Kauai (Clague & Dalrymple, 1988; Garcia et al., 2010) . The analysis of sample T324-R2gl (Fig. 3b ) is of glass (MgO ¼ 5Á43%) from a frothy lava with 15% olivine phenocrysts that typifies all of the Dive T324 samples. The unusually high total alkalis content of sample T324-R2, along with high Al 2 O 3 , low Ni, but CaO/Al 2 O 3 of 0Á8 compared with the other whole-rock Koloa lava analyses, is probably the result of olivine crystallization (Figs 4b and 5b).
Niihau
Rejuvenated lavas of the Kiekie Basalt on Niihau are different geochemically from rejuvenated lavas from Kauai and most rejuvenated rocks on other islands in the Hawaiian chain (Dixon et al., 2008) . Onland and submarine rocks are slightly alkaline basalts, with the exception of one basanite (T318-R19; Fig. 3b ). Excluding the one basanite, MgO contents in whole-rock samples range from 12Á4 to 6Á6 wt %, and major element oxides, except Fe 2 O 3 t , increase subtly with decreasing MgO. Al 2 O 3 is much higher in the Kiekie lavas at a given MgO content compared with Kauai rejuvenated stage rocks. K 2 O, TiO 2 , and other incompatible trace elements (Nb, Zr, Ce) are present in low concentrations compared with Kauai lavas (Figs 4b and 5b ). CaO/Al 2 O 3 values vary only slightly between 0Á8 and 0Á7 (Fig. 4b) . Ni and Cr concentrations decrease with decreasing MgO in whole-rock samples and, excluding the basanite, all other trace elements, including V and Sc, either increase slightly or remain roughly constant with decreasing MgO (Fig. 5b) .
Glass analyses for the submarine rocks are uniformly evolved in composition, with MgO contents between 6Á14 and 7Á95 wt %. The subset of more evolved whole-rock samples (<8% MgO) plot within the range of glass analyses (Fig. 4b) . The glasses and the evolved whole-rock samples have CaO/Al 2 O 3 values that are indistinguishable from those of the more MgOrich whole-rock samples, indicating that the MgO-poor samples may be derived from the MgO-rich lavas by fractionation of olivine but not clinopyroxene.
In most cases, primitive mantle-normalized incompatible element patterns for the Niihau rejuvenated rocks lack the LREE enrichment seen in rejuvenated lavas from Kauai (SD Electronic Appendix 13, panel D), resulting in lower La/Sm (with some overlap), Gd/Yb, Zr/Y and Nb/Y (Fig. 6) . Basanite T318-R19 is the exception to the above, being slightly more enriched in the most incompatible elements but highly deficient in the HREE compared with all other Niihau rejuvenated lavas. This sample more closely resembles rejuvenated lavas from Kauai. Both onland and submarine Niihau lavas have positive Sr and Ba spikes in their incompatible element patterns, resulting in Ba/Nb and Sr/Nd that are commonly higher than in Kauai rejuvenated rocks ( Fig.  6 ) (Dixon et al., 2008) . The Niihau alkalic basalts are also deficient in Zr and Hf relative to the adjacent REE and Y, a feature that is observed to a lesser degree in rejuvenated rocks from Kauai ( Fig. 6d; Sr in the Niihau lavas is commonly higher (Fig. 7a) 
Niihau Alkaline Suite (postshield)
A unique type of submarine lava from Niihau formed most of the cones sampled during Dives T319, T320, and T321. The lavas are more vesicular and more altered than submarine rejuvenated lavas from Niihau. None of these lavas has been dated, and it is uncertain where they fall chronologically in the history of the island (postshield or rejuvenated). The lavas are highly alkaline basanites ( Fig. 3a and b) . Samples from Dive T319 have higher SiO 2 than lavas from Dives T320 and T321. Whole-rock analyses from Dive T320 are poorer in total alkalis than glass analyses, probably owing to the inclusion of olivine crystals in the whole-rock powders, whereas whole-rock and glass analyses from Dive T319 are close in composition. Lavas within the alkaline suite are heterogeneous in major element abundances: MgO ranges from 4Á59 to 5Á22 wt % (glass) and from 6Á13 to 12Á17 % (whole-rock), with elevated K 2 O (also CaO, Na 2 O, and P 2 O 5 , not shown) compared with lateshield lavas (Fig. 4a and b) ; CaO/Al 2 O 3 is higher than in most shield, late-shield lavas and MgO-rich rejuvenated stage rocks from Niihau, but values decrease slightly in evolved lavas; V, Cr, Sc and Ni abundances are within the range of Niihau late-shield lavas, but Sc is generally lower than in Niihau rejuvenated-stage basalts ( Fig. 5a  and b) .
Incompatible elements such as Sr and the LREE (also Rb, Ba, Nb, Th, and Pb, not shown) are all highly enriched, but the HREE (e.g. Yb, not shown) are slightly depleted compared with Niihau late-shield and rejuvenated lavas (SD Electronic Appendix 13, panel E). The REE slopes of the alkaline suite basanite lavas are uniformly steep compared with the late-shield and rejuvenated stage rocks, and the patterns cross those of late-shield rocks at Sm-Eu. Nd of the postshield alkaline suite. The latter overlap with rejuvenated lavas from Niihau and Kauai (Fig. 7a) .
DISCUSSION
Uncertainties in radiometric dating
Dating shield volcanic rocks on Kauai and Niihau by the K-Ar technique is challenging. Both K 2 O and Ar are lost during leaching by rainfall, and mantle-derived 40 Ar can be incorporated into magmas, leading to erroneous ages (Macdougall, 1964) . The 40 Ar/ 39 Ar technique provides constraints on Ar loss and Ar inheritance, two issues that plague K-Ar determinations. We note that the oldest age for a postshield composition rock from Kauai is a dyke of alkalic basalt from Kalepa Ridge, with a 40 Ar/ 39 Ar plateau age of 4Á39 6 0Á19 Ma and an isochron age of 4Á39 6 0Á07 Ma (Clague & Sherrod, 2014) . If postshield volcanism began on Kauai before 4Á39 Ma, then the youngest ages for the Napali and Haupu Members may be equivalent to the transition from shield to postshield stage at $4Á4 Ma. Garcia et al. (2010) highlighted the uncertainty in K-Ar determinations in shield lavas, where a tholeiitic lava dated at 3Á53 Ma falls stratigraphically between dated tholeiitic lavas of 3Á92 and 3Á87 Ma. We consider that any further understanding of the transition from shield to postshield stage on Kauai will require new, precise 40 Ar/ 39 Ar age determinations. and appear to reflect magmatic ratios. Other than four shield basalts from Kauai (86KA-7, 88KA-1, 88KA-2, 88KA-4) and three from Niihau (70NII-15, 70NII-20, 75NII-9) that exhibit the effects of REE-phosphate addition (see Fodor et al., 1987) , we have not filtered the shield dataset for the following discussion.
Shield-stage tholeiitic lavas from Kauai and Niihau differ in the degrees of magma evolution (Figs 3a and  4a) . Some of these differences are due to the abundance of picritic rocks from Kauai (all four formations) where olivine accumulation has increased the MgO content of the samples. With only two exceptions, those lavas with > 15% MgO contain > 15% modal olivine. Petrographic analysis of several of these picritic lavas shows that many of the olivine crystals are xenocrystic, probably derived from olivine-rich cumulate rocks from earlier shield magmatic events at Kauai (e.g. Clague, 1987; Clague & Denlinger, 1994; Clague et al., 1995) . The only onland shield lava from Niihau with MgO > 7Á5 wt % is sample 70-NII-15; this contains more than 15% modal olivine, many crystals of which show similar optical properties to olivine crystals in Kauai picritic basalts and hence are xenocrystic. If samples with > 20% olivine crystals are discounted from the onland Kauai and Niihau datasets, then the range of MgO contents for the Kauai shield lavas is 6Á7-18Á3% and for Niihau is 5Á5-7Á5%. The Niihau shield lavas, unlike those from Kauai, commonly include plagioclase and pyroxene phenocrysts, and the more evolved lavas have lower CaO/Al 2 O 3 and Sc concentrations that indicate clinopyroxene fractionation prior to eruption. Clearly, the mineralogy and major element chemistry show that Niihau shield lavas are more evolved than those from Kauai.
Loa versus Kea affinity: implications for plume zonation, and the longevity of Hawaiian trends
The <2 Ma shield volcanoes of the Hawaiian chain are commonly divided into two curving 'trends' based on geochemical differences, termed the Loa and Kea trends (e.g. Frey & Rhodes, 1983; Ihinger, 1995; Weis et al., 2011) . Models for the observed split of young Hawaiian volcanoes into Kea and Loa trends above a mantle plume include radial zonation, bilateral zonation, concentric zonation, and variably random heterogeneities in the plume (see Xu et al., 2007, fig. 2 ). A fifth model proposes that different components in the plume are sampled based on their solidus temperature and the thermal zonation of the plume (e.g. Ren et al., 2006; Xu et al., 2014) . In the first three models, the plume is segregated in cross-section at mantle depths with either Kea or Loa characteristics (Lassiter & DePaolo, 1996; DePaolo et al., 2001; Abouchami et al., 2005) , whereas the last two models address the question of plume components that have mixed during melting (e.g. Xu et al., 2007 Xu et al., , 2014 Ren et al., 2009) . Kauai and Niihau are located NW of Oahu, where the Loa trend includes the Koolau volcano of eastern Oahu but the Kea trend is inferred to die out (e.g. Gaffney et al., 2005, fig. 1 ).
Not only are the Loa and Kea trends defined by isotopic ratios, but they also have distinctive major element and trace element characteristics (e.g. Gaffney et al., 2005; Huang et al., , 2009 Jackson et al., 2012; Xu et al., 2014) . Based on a comparison of Mauna Loa, Mauna Kea, and Kilauea subaerial shield basalts (data from GEOROC, 2012), at a given MgO content the Kea trend volcanoes have lower SiO 2 , and higher TiO 2 , CaO, CaO/Al 2 O 3 and P 2 O 5 than Loa trend volcanoes (see also Jackson et al., 2012) . Mauna Kea lavas are also enriched in most incompatible elements at a given MgO, including Th, Ba, Nb, Zr, Y and the REE. Kauai and Niihau tholeiites have the low SiO 2 and high TiO 2 , P 2 O 5 , Y, and Th that characteristize Kea-type volcanoes, but for most elements Kauai and Niihau shield rocks plot in the zone of overlap between the two trends. Some trace element ratios are diagnostic of the two trends (Fig. 9) . La/ Sm pmn and Gd/Yb pmn , and Zr/Nb and Sr/Nb are more Kea-like in both Kauai and Niihau basalts.
The most commonly used discriminators of source components in the Hawaiian plume are radiogenic and noble gas isotope ratios (e.g. Kurz et al., 1987; Mukhopadhyay et al., 2003; Abouchami et al., 2005; Ren et al., 2005; Huang et al., 2011b; Weis et al., 2011) Nd/ 144 Nd than Napali Formation basalts from the western side of Kauai. The same systematics are observed in Pb-Pb plots (Fig. 10b) , where most Napali formation lavas from western Kauai plot to the right of the dividing line between Kea and Loa tholeiites, but Napali and Haupu formation tholeiites from eastern Kauai have lower 206 Pb/ 204 Pb and plot near or to the left of the Mauna Kea-Mauna Loa dividing line. Although the radiogenic isotopes indicate that Kauai and Niihau are primarily Kea-like in composition, the eastern Kauai lavas are more Loa-like. Later shield lavas from the Olokele formation on Kauai are, with one exception, isotopically transitional between the western and eastern lavas, whereas flows from the Makaweli formation span the range of Napali isotopic compositions.
Shifts from Kea to Loa or Loa to Kea shield compositions with time could be due to a difference between the azimuth of the compositional boundary in a bilaterally zoned plume and the direction of plate motion (see Abouchami et al., 2005, fig. 3b ). Abouchami et al. proposed that the volcanoes NW of the Molokai Fracture Zone (MFZ, Fig. 1 inset) crossed the Kea part of (June 2013 , GEOROC, 2012 . Kaula tholeiite xenolith (Xeno) data from Garcia et al. (1986) . Shield lavas from Kauai (subdivided by member) and Niihau largely plot in or near the Mauna Kea field, but basalts from eastern Kauai (Napali East and Haupu) are transitional to Mauna Loa compositions. Niihau shield basalts overlap the range of Kauai shield lavas. the plume first, followed by the Loa part (e.g. Koolau and Kauai), whereas volcanoes SE of the fracture zone cross the Loa part first, followed by the Kea part. Holcomb et al. (1997) interpreted the isotopic difference between eastern and western Kauai as evidence that the island is composed of two volcanic edifices, not just one. However, unlike other Hawaiian islands with more than one edifice, there is no topographic saddle separating eastern and western Kauai and no evidence of lava flows from an eastern and western volcano dipping toward the center of the island. Bianco et al. (2008) offered an alternative explanation for the west to east shift in shield composition at Kauai. Kea-type tholeiites are proposed to be generated from a mix of peridotite plus pyroxenite during melting of the hotter central region of the Hawaiian plume (Gaffney et al., 2005; Bianco et al., 2008) , whereas Loa compositions are proposed to be produced at the cooler periphery of the plume, involving preferential melting of enriched components (e.g. pyroxenite). Thus the initial and terminal phases of shield building could be more easily influenced by Loa-like compositions. In this model, shield lavas from western Kauai were emplaced while the island was over the central part of the plume, whereas eastern Kauai lavas were erupted later during the waning stages of shield activity as the island overlay the more peripheral parts of the plume. The Napali formation lavas from the east side of Kauai are not dated, so it is unknown if they are younger than Napali formation lavas from the west side of the island. The Haupu lavas are among the youngest within the range of shield ages (4Á3-4Á46 Ma). Eastern Napali and Haupu member compositions are more Loa-like, suggesting that these eastern shield lavas may record the drift of the island away from the center of the plume at the tail end of shield volcanism. This proposal is supported by the recovery of small-volume tholeiitic to transitional lavas from submarine cones between Kauai and Oahu that have Loa-trend isotopic characteristics . These submarine lavas have Ar-Ar ages that straddle the ages of shield volcanism on Kauai and Wai'anae, and demonstrate that Loa-type lavas continued to be erupted on the sea floor after Kauai had drifted off the plume center. Xu et al. (2014) analyzed shield and postshield lavas in a transect across the Hawaiian plume that includes East Molokai, West Molokai and Penguin Bank, roughly 200 km SE of Kauai and Niihau. They determined that although East Molokai is dominantly a Kea-type volcano and West Molokai and Penguin Bank are composed dominantly of Loa-type lavas ( Fig. 10a and b) , all three volcanoes erupted lavas of both Loa and Kea composition. Xu et al. (2014) noted that the same is true of Mauna Kea, Kohala, and Haleakala. They pointed out that the data from the Molokai-Penguin Bank transect are consistent with an asymmetrically zoned plume, given that the proportion of Loa-type lavas increases from east Molokai (3%) to Penguin Bank (>60%). Xu et al. (2014) also demonstrated that isotopic ratios correlate with calculated mantle temperatures, with the Kea-type basalts having higher mantle temperatures than Loa-type basalts. The isotope-temperature correlations are supportive of a thermal model, in which the Kea-type magmas are generated at higher temperatures closer to the center of the plume from a more peridotitic source and the Loa-type magmas are generated at lower temperatures from a source richer in recycled components (pyroxenite, sediments) (e.g. Ren et al., 2009) . This model predicts that magmas generated along the periphery of the plume, including the last gasps of shield volcanism, should be more Loa-like in composition than magmas generated above the hot core of the plume.
The similarity in isotopic and trace element characteristics between West Molokai-Penguin Bank and Kauai-Niihau shield basalts is remarkable (Fig. 10) Pb/ 204 Pb plot, and fall within the Kea and Loa fields in Sr-Nd isotopic space as well as in plots of diagnostic trace element ratios (e.g. Fig. 9b ; Xu et al., 2014, fig. 6c ). Like the West Molokai-Penguin Bank lavas, Kauai can be interpreted in terms of the thermal model proposed for the generation of the Kea and Loa magmatism. The shift from more Kea-like to more Loa-like compositions from west to east in the Kaua'a shield lavas corresponded to magma generation from hot to cool sources as the volcano migrated over the plume. However, the Niihau and Kauai shield basalts have essentially the same transitional Kea to Loa characteristics and there is no lateral isotopic gradient between the two shields, unlike that observed from dominantly Kea-like at East Molokai to more Loa-like between West Molokai and Penguin Bank.
Shield activity at Niihau and Kauai, and presumably beneath Kaula Island (Ka'ula, Fig. 1 ) SW of Niihau (Garcia et al., 1986) , occurred at the onset of an increase in magmatic flux from the Hawaiian plume (Van Ark & Lin, 2004; Vidal & Bonneville, 2004) . Pulsation of the flux over time may be tied to solitary (or conduit) waves travelling in the plume (e.g. Schubert et al., 1989) , and in this model the increase in flux at $5 Ma marks the arrival of a solitary wave. Solitary waves allow material from the deep mantle to travel quickly up the rising mantle plume, allowing hot and slightly lower viscosity mantle to be periodically injected into the base of the lithosphere (Schubert et al., 1989) . The newly arrived pulse may be responsible for the breadth of magmatic activity across the plume, producing the 200 km wide Kaula-Niihau-Kauai platform (Fig. 1) . The higher temperature of the solitary wave material would favor higher degrees of melting, allowing a peridotitic source (i.e. Kea-like) to dominate magma compositions at both Kauai and Niihau. As time progressed and the effect of the solitary wave arrival diminished, lower melting temperature components (i.e. Loa-like) became more important during magma generation beneath eastern Kauai. This idea emphasizes vertical heterogeneity in the plume, as well as variable solidus temperatures, which are discussed in detail by Blichert-Toft et al. (2003) .
Based on the interpretation of curving loci of volcanic centers along the Hawaiian plume track (Fig. 1 inset) (Jackson et al., 1972) (Feigenson, 1984; Holcomb et al., 1997; Mukhopadhyay et al., 2003; Garcia et al., 2010) . Kauai lavas are subdivided by member. East Molokai, West Molokai and Penguin Bank data fields are from Xu et al. (2005 Xu et al. ( , 2007 Xu et al. ( , 2014 Pb for Kea-type (dashed field) and Loa-type (dot-dash field) shield basalts. Data sources as in (a). For clarity, a separate field for Penguin Bank is not shown and is included with West Molokai. Continuous line is the Kea-Loa dividing line from Abouchami et al. (2005) . KEA, Loihi, and Enriched Makapuu Koolau (EMK) components are from Bizimis et al. (2013) . Western Kauai lavas (Napali West) are Kealike in isotopic composition, but eastern lavas (Napali East, Haupu) shift to more Loa-like compositions. compositional characteristics. Thus, there is no evidence that two parallel Hawaiian 'trends' existed during Kauai and Niihau shield construction, as seen in the southeastern Hawaiian islands. The observations from Kauai and Niihau are inconsistent with a long-term bilateral, concentric or radial zonation model (see also Xu et al., 2007; Huang et al., 2013) . The radial zonation model could be correct if the plume was extremely broad, such that both Kauai and Niihau sampled the same part of the plume.
Late-shield to postshield stage Niihau late-shield volcanism
We suggest that Niihau includes both late-shield and postshield lavas. The late-shield lavas and dykes have K-Ar ages that fall within the range of shield lavas and have geochemical compositions that differ only slightly from shield basalts, similar to what is seen at Kahoolawe (Huang et al., 2013) . Late-shield activity includes the onland alkaline intrusions at Ka'eo and the NE coast dykes, as well as mildly alkaline samples from Dives T318, T321 and T322. The overlap of the isotopic data from the late-shield and shield basalts indicates that they shared the same sources. Normalized REE patterns for shield and late-shield rocks form a fanning pattern; the late-shield basalts are LREE enriched compared with most shield basalts and all patterns converge towards the HREE (SD Electronic Appendix 13, panel C). The fanning of the patterns suggests that the shield and late-shield lavas are related by approximately a factor of two difference in the degree of partial melting of a similar source in which garnet is a residual phase.
Late-shield lavas from Niihau follow the differentiation trends seen in late-shield tholeiitic to mildly alkalic basalts from Mauna Kea (Hamakua Volcanics) and East Molokai Xu et al., 2005) . The Hamakua Volcanics include alkalic basalts with steeper REE patterns than interbedded tholeiitic basalts, but the HREE abundances of the two lava types overlap. In a plot of Sr/Ce vs Nb, the Niihau late-shield lavas follow a lowpressure differentiation trend (olivine þ plagioclase) that parallels the Niihau shield basalts but at slightly higher Nb concentrations, overlapping with the Hamakua Volcanics (Fig. 11) . The lack of a decrease in CaO/Al 2 O 3 and Sc at low MgO indicates that clinopyroxene was not a major fractionating phase in late-shield lavas from Niihau. Niihau late-shield lavas also share isotopic similarities with Mauna Kea and East Molokai late-shield basalts in that they are shifted to slightly lower Sr and Pb and higher Nd isotope ratios than the shield basalts Xu et al., 2005; Hanano et al., 2010) .
Samples T321-R6 and R7 are exceptions. Both are enriched in K 2 O, Ba, Th, Nb and the LREE, and have lower Zr/Nb and higher La/Sm and Nb/Y compared with other Niihau late-shield lavas. These two samples appear to be transitional in composition between other late-shield basalts and the Niihau alkaline submarine suite (Figs 5a and 6 ).
Niihau postshield alkaline suite
The inclusion of the basanites from Dives T319-T321 in the postshield stage is based primarily on the overlap in isotopic composition between these alkaline lavas and the Niihau shield and late-shield lavas, along with the lack of overlap with the rejuvenated stage Kiekie Volcanics lavas. Postshield alkaline suite lavas appear to be confined to small cones that lie atop a ridge extending NW from Niihau that may represent a small rift zone. Postshield volcanism commonly is concentrated along rift zones (e.g. Hualalai, Haleakala), unlike the rejuvenated stage volcanic vents. In addition, samples of late-shield basalts were collected on Dives T319 and T321, but no Kiekie-like basalts were collected on these dives. The alkaline suite basanites are also very different mineralogically from the Kiekie volcanic rocks and have trace element ratios such as La/Sm, Nb/Y, and Zr/ Y that do not overlap compositionally with the Kiekie alkali basalts. Thus, we see no geological and only rare geochemical ties between the postshield alkaline suite and the rejuvenated stage of activity on Niihau. On these grounds we assign the postshield alkaline suite to the postshield stage.
The postshield alkaline suite differs significantly from late-stage lavas at Mauna Kea and East Molokai (Fig. 12) . SiO 2 is lower and total alkalis (especially K 2 O) are much higher in the Niihau alkaline suite. With decreasing MgO, K 2 O and P 2 O 5 (not shown) increase more rapidly than in the late-stage shield basalts. CaO/ Al 2 O 3 decreases from $0Á85 to 0Á75 with decreasing MgO, but Sc concentrations vary little and show no covariation with MgO or CaO/Al 2 O 3 , ruling out clinopyroxene as an important fractionating phase in the alkaline suite magmas (Fig. 12) . Compared with the late-shield basalts from Niihau, the alkaline suite rocks are enriched in the most incompatible trace elements (e.g. Nb). However, primitive mantle normalized REE patterns for the two lava suites largely overlap in the MREE-HREE (Fig. 13) . The LREE enrichment, combined with subtle HREE depletion, indicates that the alkaline suite may be related to the late-shield lavas on Niihau by a lower degree of partial melting of the mantle and a higher residual garnet content in the residue. Samples T321-R6 and -R7, the late-shield basalts with an average age of 4Á84 Ma, have REE patterns that are subtly distinct from other late-shield basalts (dashed curves, Fig. 13 ) and trace element ratios (Fig. 6 ) that are intermediate between other late-shield and the postshield lavas.
Kauai postshield volcanism
Rocks ascribed to the postshield phase of activity on Kauai are varied in composition. In this study, postshield lava flows from the upper parts of the Olokele and Makaweli formations and a dyke cutting the Napali formation basalts range from alkalic basalt to mugearite (Fig. 3a) . This range of compositions is much like that seen in the Hamakua and Laupahoehoe Volcanics at Mauna Kea . The alkalic basalt dyke sample 88KA-3 has 11% MgO and may be (in general terms) a suitable parental magma for the more evolved hawaiite and mugearite. This is supported by the similarity in isotopic compositions amongst the four postshield samples (Fig. 7) .
The four postshield rocks generally follow the magma evolution trends for Kohala and Mauna Kea postshield basalts to hawaiites (Fig. 12) . The positive correlations of CaO/Al 2 O 3 and Sc with MgO are consistent with clinopyroxene fractionation. In Fig. 11 , three of the four postshield lavas have high Nb contents and intermediate to low Sr/Ce that fall within the field of Laupahoehoe formation lavas from Mauna Kea, interpreted to indicate a role for initial deep fractionation of clinopyroxene followed by plagioclase . Data from two mugearites (samples GA-566 and KV04-20) from Garcia et al. (2010) follow the major element trends of the three evolved postshield lavas from this study. Figure 12 shows that the field for postshield lavas from Haleakala volcano (Hana and Kula Volcanics) also encompasses postshield rocks from Kauai. Most of the highly incompatible elements, such as Rb, Ba, Th, Nb, and the LREE, are more enriched in Kauai postshield lavas compared with Mauna Kea, and tend to more closely follow the Haleakala trend. This is particularly true for sample 88KA-3, the least evolved postshield dyke from this study, which plots near the least-evolved end of the Haleakala field. Garcia et al. (2010) included three basanites in the postshield stage on Kauai, based on ages (3Á92-3Á58 Ma) that overlap with or closely follow the end of the shield stage of activity on Kauai. Although mugearite sample GA-566 (m in Fig. 14) has the same isotopic composition as the four postshield rocks from this study, the two MgO-rich basanites and an evolved basanite (b in Fig. 14 Nd than Kauai hawaiites, and fall within the field of the Koloa Volcanics rejuvenated stage lavas. Basanite lava sample 86KA-12 (this study), with a K-Ar age of 3Á65 6 0Á03 Ma, was assigned to the Koloa Volcanics based on its chemistry, as were three cobbles (N4, N6, and N8) from a conglomerate unit (Feigenson, 1984) underlying the 3Á65 Ma flow (Clague & Dalrymple, 1988 Sherrod et al. (2007) ]. An exception is Haleakala, where the earliest postshield lavas are Kula alkalic basalts and hawaiites with rare mugearites and benmoreites, followed after only a 0Á3 Myr hiatus by Hana basanites and rare phono-tephrites (West & Leeman, 1987; Chen et al., 1990; Sherrod et al., 2003) . At Haleakala, there is geochemical overlap between the Kula and Hana Volcanics, including isotopic ratios. The most dramatic change in isotopic composition occurs at the Honomanu tholeiite-Kula alkali basalt boundary over less than 0Á1 Myr (see Sherrod et al., 2003, fig. 8 ), after which 87 Sr/ 86 Sr ratios remain more typical of rejuvenated stage volcanic rocks at <0Á70335. We also note that the isotopic ranges of Kula and Hana rocks (Haleakala field) overlap the range of Kauai rejuvenated series rocks (Fig. 14) , including the crossover of the Kea-Loa Pb isotope line, a feature that is not seen in other postshield or rejuvenated lava suites. The Hana Volcanics are considered as rejuvenated stage based on composition (Chen & Frey, 1985; West & Leeman, 1987; Chen et al., 1990) or alternatively as postshield lavas based on the lack of a distinctive age break between the Kula and Hana Volcanics (Sherrod et al., . Sr/Ce decreases during plagioclase fractionation, which is dominantly a shallow-level crystallizing phase (low-P arrow). Laupahoehoe lavas first underwent moderate-pressure fractionation of clinopyroxene and olivine (intermediate-P arrow) raising Nb concentrations in the residual liquids at a constant Sr/Ce, followed by plagioclase crystallization that lowered Sr/Ce. Postshield rocks from Kauai overlap with Laupahoehoe lavas, suggesting that they underwent pyroxene or olivine fractionation at depth prior to plagioclase fractionation. Lavas of the Niihau postshield alkaline suite follow the same systematics as Kauai postshield rocks. Late-shield basalts from Niihau are displaced to slightly higher Nb concentrations but follow the low-pressure, olivine þ plagioclase-dominated fractionation history seen in the shield basalts.
2003). Regardless, Haleakala and Kauai share the characteristic that rejuvenated-type mantle sources were available for melting soon after the end of shield stage activity.
Rejuvenated stage
Rejuvenated stage volcanic rocks are found on West Maui, East Molokai, Koolau, Kauai, Niihau and Kaula Island (Garcia et al., 1986; Tagami et al., 2003; Yang et al., 2003; Xu et al., 2005; Clague et al., 2006; Bizimis et al., 2013) . In addition, submarine lava fields with similar geochemical characteristics are found along the Hawaiian Arch, including pre-shield lava fields emplaced upstream of the Hawaiian plume (e.g. Lipman et al., 1989; Frey et al., 2000; Yang et al., 2003) . All of these alkalic lavas are characterized by incompatible element enrichment compared with shield lavas, yet have Sr and Nd isotopic compositions that require long-term depleted mantle sources relative to the shield source. Although a number of models have been proposed to explain these apparently contradictory characteristics (e.g. Chen & Frey, 1985; Frey et al., 2000; Lassiter et al., 2000) , most recent models propose that the depleted source is an intrinsic part of the Hawaiian plume and that rejuvenated stage magmas are the result of recent metasomatism of a depleted mantle source by low-degree melts derived from the plume itself (e.g. Frey et al., 2005; Fekiacova et al., 2007; Mallik & Dasgupta, 2012; Bizimis et al., 2013; Hofmann & Farnetani, 2013) . One of the hallmarks of onland rejuvenated stage volcanism is that this phase of activity occurs after an erosional period, and thus a mechanism for rejuvenated stage melting is required. The most ; Feigenson, 1984; Mukhopadhyay et al., 2003; Garcia et al., 2010) . The Haleakala field includes both Hana and Kula lavas. commonly cited mechanism is decompression of the mantle owing to flexural uplift of the lithosphere that reaches a maximum $200 km downstream from the Hawaiian plume (e.g. Clague & Dalrymple, 1987; ten Brink, 1991; Dixon et al., 2008; Garcia et al., 2010) .
Rejuvenated stage lavas from Kauai and Niihau fall within the broad range of compositions seen in rejuvenated stage rocks from East Molokai, West Maui, eastern Oahu (Honolulu Volcanics), and from the submarine North Arch volcanic field (Clague & Frey, 1982; Frey et al., 2000; Tagami et al., 2003; Yang et al., 2003; Xu et al., 2005; Clague et al., 2006) . Kiekie basalts from Niihau are compositionally similar to East Molokai rejuvenated lavas and are dominantly evolved (MgO < 14 wt %) alkalic basalts, whereas the Koloa lavas of Kauai exhibit the entire range of major element compositions from alkalic basalt to melilitite (foidite), as do lavas from the Honolulu Volcanics.
Koloa Volcanics, Kauai
Concentrations and ratios of major and trace elements in rejuvenated stage lavas are commonly correlated with SiO 2 content, and this is true for Koloa volcanic rocks (SD Electronic Appendix 14). CaO/Al 2 O 3 are highest (up to 1Á6) in those lavas with low SiO 2 , low Sc (<15 ppm), high MgO, high incompatible trace element concentrations (e.g. Th, P 2 O 5 ), and high La/Sm, Nb/Y, Zr/Y, and Gd/Yb. As the Koloa lavas become more SiO 2 -rich, CaO/Al 2 O 3 , MgO, incompatible element abundances, La/Sm and Gd/Yb all decrease, but Sc increases (up to 30 ppm). Fractionation of olivine from primitive magmas would lower MgO and raise incompatible element abundances in residual liquids, but this process would have no effect on the CaO/Al 2 O 3 or incompatible element ratios. Although deep fractionation of clinopyroxene would lower CaO/Al 2 O 3 this does not explain the increase of Sc in the higher SiO 2 lavas. Dasgupta et al. (2007) proposed that the geochemical characteristics of ocean island alkalic basalts are consistent with variable degrees of partial melting of a carbonated garnet peridotite source. An increase in the degree of melting would result in higher SiO 2 (and Sc) but lower CaO contents in the melt, as well as lowering of incompatible element abundances. Garcia et al. (2010) determined that partial melting of a carbonated garnet peridotite source such as that proposed by Dasgupta et al. (2007) explained the major element systematics of Koloa rejuvenated lavas from Kauai. Published estimates of the degree of partial melting for Koloa lavas are 0Á2-2Á6% , 3-11% (Clague & Dalrymple, 1988) , 1-9% (Dixon et al., 2008) , and <1-15% (Reiners, 2002) .
Lavas from the Honolulu Volcanics and the North Arch field generally show the same variations in CaO/ Al 2 O 3 and incompatible element abundances with increasing SiO 2 as the Koloa lavas (SD Electronic Appendix 14), consistent with partial melting of mantle with residual garnet (Clague & Frey, 1982; Frey et al., 2000; Yang et al., 2003) . Assuming that Th is the most incompatible element during partial melting, then its concentration becomes a precise indicator of the relative degree of partial melting (Yang et al., 2003) , and ratios of highly incompatible elements will vary little over the range of partial melting. For example, within the Honolulu, North Arch, and Koloa suites the average Th/La decreases only slightly from $0Á12 to 0Á08 as Th concentrations decrease from 12 to 1Á5 ppm (Fig. 15a) . The Koloa dataset overlaps that of the Honolulu, Kaula Island, and West Maui rejuvenated stage, but Th/La values tend to be relatively high in North Arch volcanic rocks. Yang et al. (2003) noted variations in trace element ratios in the Honolulu and North Arch suites that are consistent with other mineral phases that are residual after melting. Variations in K/Ce and Rb/La with Th are probably due to a residual potassic phase, such as phlogopite or amphibole (LaTourette et al., 1995) . Koloa suite lavas exhibit a good negative correlation between these ratios and Th, as does the Honolulu suite, consistent with a residual potassic phase throughout the melting spectrum. If only submarine lavas free of surface weathering and lacking mobilization of K are plotted then the correlation is improved (Fig. 15b) . Correlations between HFSE concentrations and HFSE/REE ratios (e.g. Ti/Eu, Nb/La) and Th can be attributed to residual Fe-Ti oxides in the mantle, particularly in the Honolulu Volcanics (Yang et al., 2003) . The Koloa suite exhibits a wide range of Ti, Fe, V, and Zr concentrations at high Th content that narrows as Th decreases, indicating that for some Koloa lavas an Fe-Ti oxide phase is also residual at low degrees of partial melting. Nb/La in the Koloa suite overlaps with Nb/La in other rejuvenated stage suites but does not extend to the extremely low Nb/La values seen in some of the Honolulu Volcanics (Fig. 15c) .
Within the Honolulu Volcanics and North Arch suites, ratios of Sr/Ce and Sr/Nd both increase with decreasing Th content, particularly in lavas with low Th contents (high degrees of partial melting). This is also true for Koloa lavas, where Sr/Ce (also Sr/Nd and Sr/P, not shown) ratios increase with decreasing Th (Fig. 15d) . It should be noted that variable Sr/Ce in postshield lavas (Fig. 11) primarily reflects magma chamber processes (e.g. plagioclase fractionation), whereas Sr/Ce in rejuvenated stage rocks (Fig. 15d) reflects mantle processes such as chemical heterogeneity, degree of partial melting, or mantle mineralogy. Yang et al. (2003) ascribed the increase in Sr/Ce in the Honolulu Volcanics to residual amphibole or phlogopite in the source of rejuvenated stage magmas over the entire range of partial melting. However, for amphibole in equilibrium with a basanite melt, partition coefficients for Sr and Nd (or Ce) are very similar. Although Sr is more compatible in phlogopite than Nd, both elements are very incompatible (D < 0Á2) (LaTourette et al., 1995) . In conflict with experimental data for phlogopite (D Ba ) D Sr , LaTourette et al., 1995), Sr and Ba abundances increase at the same rate with increasing Th, implying approximately equal D values for these elements. Partition coefficients for amphibole in equilibrium with basanite melt better match the enrichment in incompatible elements over the range of Th contents observed in Koloa lavas. The steady increase in Sr/Ce ratios from high to low Th concentrations suggests that amphibole would have to be a residual phase in the Koloa source even at the higher degree of partial melting required to produce the alkalic basalts (up to 10%; Reiners, 2002; Dixon et al., 2008) .
Our major objection to a residual phase controlling relative Sr abundances is the lack of an observed negative Sr anomaly in Koloa primitive mantle normalized incompatible element patterns (SD Electronic Appendix 13, panel D). Rejuvenated stage basanites and nephelinites from Hawaii show either slight positive Sr anomalies or none at all, and the size of the positive Sr anomaly increases from basanite to alkali basalt. The increase in Sr enrichment with increasing per cent partial melting is particularly marked in the Koloa series, and is more consistent with an Sr-rich phase that is more Garcia et al. (1986) and Bizimis et al. (2013) ; previously published Koloa (Kauai other) data from sources listed in Fig. 14 . Th is considered to be a function primarily of the degree of partial melting (Yang et al., 2003) .
abundant in the source of the alkalic basalts than in the source of the more silica-undersaturated lavas. Although Sr/Ce does not correlate with Koloa Sr isotopic ratios, it does correlate negatively with Pb isotopic ratios ( Fig. 16b and d (Fig. 16a and c) . These relationships suggest that at lower degrees of melting (high Th content) more 'enriched' or older sources are tapped. The extreme Pb isotopic composition is exhibited by a melilitite flow from Garcia et al. (2010) with 206 Pb/ 204 Pb $ 18Á6 (two samples). The most radiogenic composition from our dataset is also a melilitite from the same or a nearby flow. As the degree of melting increases, melts from more 'depleted' sources are incorporated into the parental magmas for the Koloa lavas, raising Nd and lowering Pb isotope ratios in the magmas. As noted above, the depleted source is enriched in Sr (and Ba, Fig. 6 ) relative to the REE, and has the highest SiO 2 and lowest Th, indicative of high degrees of melting. These three attributes may indicate that an Sr-rich mantle phase present primarily in the depleted source enhances the degree of partial melting of that source compared with the enriched source. The Sr-phase cannot be apatite, as there is no positive P anomaly or REE enrichment accompanying the positive Sr anomalies (SD Electronic Appendix 13, panel D). Another Sr-rich mantle phase is carbonate, which, if added to a mantle source, would enhance melting over a carbonate-free source. This proposal is along the lines of that of Dixon et al. (2008) for the Kiekie alkalic basalts on Niihau and for shield lavas from Koolau and Mahukona (e.g. Huang et al., 2009; Huang et al., 2011a) . Additionally, recycled ancient oceanic gabbroic crust, with abundant Sr-rich plagioclase, may be an important Sr component in Hawaiian shield lavas (e.g. Sobolev et al., 2000; .
Another possible explanation for Sr enrichment relative to the REE in alkali basalts would be interaction between a magma and plagioclase-bearing Pacific plate oceanic crust. Previous work has shown that neither Srnor Pb-isotopic data arrays for rejuvenated stage lavas trend towards the composition of oceanic crust beneath Hawaii (e.g. Fekiacova et al., 2007) . Thus the Sr-rich component is more probably a source component, such as carbonate, rather than a crustal contaminant.
Pb isotope ratios in Koloa lavas form an array that crosses the Loa-Kea dividing line in a 208 Pb/ 204 Pb plot (Fig. 14b) [as noted by Garcia et al. (2010) ]. Rejuvenated stage lavas from the Honolulu Volcanics, East Molokai, West Maui, and North Arch field all fall on the Kea side of the line, and best-fit lines do not trend towards the high-208 Pb/ 204 Pb, enriched endmember of the Koloa data array (Fig. 17a) . Nephelinite blocks and clinopyroxene separates from pyroxenite xenoliths from Kaula Island, SW of Niihau, lie on a best-fit line that parallels the Koloa Pb best-fit line . Pb isotopic data show that Kaula and Koloa rocks share common depleted and enriched endmembers, and although other rejuvenated suites share the depleted endmember [termed the depleted rejuvenated component or DRC (Fekiacova et al., 2007; Bizimis et al., 2013) ] none include the Koloa enriched endmember. This is particularly true for the Honolulu Volcanics, which form an array with a shallower slope that falls entirely below the Loa-Kea divide in the Kea field, requiring both different depleted and enriched components Bizimis et al., 2013) (Fig. 17b) . The Koloa e Nd -Pb isotopic array is better explained with the involvement of a DRC with a higher 206 Pb/ 204 Pb ($18Á1) or by mixing between DRC and two enriched components, such as the Loihi and Kea components .
Kiekie Basalt, Niihau
Kiekie rejuvenated lavas, with the exception of the sole basanite, are alkalic basalts that plot at the low CaO/ Al 2 O 3 , high per cent melting end of the Koloa data array (SD Electronic Appendix 14). The majority of the wholerock samples have MgO between 10 and 12 wt %, at the low end of the Koloa suite range, whereas rare wholerock samples and all glass analyses have MgO between 8Á5 and 6 wt % (Fig. 4b) . The more evolved lavas show either no change or minor increases in all major elements and trace elements (except Cr and Ni) with decreasing MgO, which is consistent with fractionation of olivine. On this basis, we will discuss only those samples with MgO > 10%, which are closest to primary magma compositions.
The Kiekie lavas are distinctly enriched in Al 2 O 3 and Sc but have lower Gd/Yb compared with Koloa lavas of similar MgO or SiO 2 (Figs 4b, 5b and 6; SD Electronic Appendix 14, panel E). These characteristics suggest that the source of Niihau rejuvenated lavas includes less garnet than the Koloa (also Honolulu Volcanics and North Arch) source. However, all incompatible element abundances (except the HREE) are low compared with Koloa lavas and there is little to no overlap in most incompatible element ratios as a function of SiO 2 or Th concentrations between Kiekie and Koloa rocks ( Fig. 15 ; SD Electronic Appendix 14). Some incompatible element ratios deviate from the trend of the Koloa data array, including Th/La (low), Ba/Nb (high), Zr/Nb (high), and Sr/Ce (high). Compared with the Koloa alkalic basalts, Sr is highly enriched but the HFSE are depleted relative to the LREE in the Kiekie lavas.
The striking chemistry of the Kiekie Basalts was described and modeled by Dixon et al. (2008) and compared with representative rejuvenated stage lavas elsewhere in the Hawaiian chain. Dixon et al. (2008) proposed that the Kiekie source included an H 2 O-and Cl-rich carbonatite phase that, when added to a source composed of depleted mantle peridotite that has been metasomatized by an incipient melt (0Á5% partial melt) of the Hawaiian plume, reproduces the Sr and Ba enrichment and depletion of the HFSE relative to the REE of Kiekie alkali basalts. In this model, variation of trace element ratios with Th content is a function of the degree of partial melting, which is related to the amount of carbonatite added to the source. The submarine Kiekie lavas with the lowest Th content have amongst the highest Sr/Ce and Ba/Th (not shown), and lowest Th/Nb, Gd/Yb and La/Sm (Fig. 18) , consistent with lowTh lavas having the largest carbonatite component at a high degree of partial melting. Dixon et al. (2008) noted that 87 Sr/ 86 Sr ratios are higher in Kiekie lavas compared with other rejuvenated lava suites, including the Koloa suite, but that Nd and Pb isotope ratios overlap with other rejuvenated lava suites. This is consistent with a component of radiogenic Sr being added to the meltmetasomatized source from a carbonatite phase with a high Sr content but low Nd and Pb.
In general, high-Sr/Ce Kiekie Basalts have higher Sr of the high Sr/Ce phase is consistent with a marine carbonate or carbonatite composition. Marine carbonates inherit much of their Sr from seawater, and previous work has demonstrated that ancient marine carbonates are present in the Hawaiian plume (Huang et al., 2009) .
Pb isotope ratios in Kiekie alkalic basalts fall at the low end of the range of Koloa values (Fig. 17) . The Kiekie samples follow the trend of decreasing 206 Pb/ 204 Pb with decreasing Th content in Koloa lavas (Fig. 16) , showing that the DRC is important in the Kiekie source and that DRC must include the Sr-rich component. Garcia et al. (2010) . Kaula Island nephelinite data from Garcia et al. (1986) and Bizimis et al. (2013) . Kauai rejuvenated lavas show good correlations between Pb isotope ratios, Sr/Ce and Th concentrations, indicating that they are mixtures of contributions from at least two sources with distinct Pb isotopic and trace element compositions. Niihau alkalic basalts anchor the low-Th and high Sr/Ce end of the Kauai dataset.
Samples of basanite and nephelinite from the Kaula Island tuff cone (Garcia et al., 1986; Bizimis et al., 2013) Pb, which are characteristic of the Kiekie Basalts (Fig. 15d) . The observed Sr/Ce enrichment in Kaula rocks differs from that seen in the Kiekie Basalts and Koloa alkalic basalts on Kauai in that it occurs in more silicaundersaturated magmatic rocks and is not accompanied by moderate Ba enrichment. Kaula rocks are enriched in P 2 O 5 at a given Th concentration compared with other rejuvenated lava suites, suggesting that some of the observed Sr/Ce enrichment may be phosphate-related. Potential phosphate sources include bird guano or apatite in the Kaula mantle source.
Although a hydrous carbonate phase in the Kiekie source beneath Niihau fits the trace element geochemical data extremely well, there are implications for magma generation. Addition of volatiles to the mantle usually lowers the solidus temperature and triggers melting that ends once all of the H 2 O and CO 2 have Pb for Hawaiian rejuvenated stage rocks. Kaula Island data include nephelinites and clinopyroxenes from xenoliths . DRC (depleted rejuvenated component) is from Bizimis et al. (2013) , Loihi (Loihi) and Kea (Kea) components are from Garcia et al. (2010) . Koloa (Kauai) data are divided into this study and other studies (Feigenson, 1984; Mukhopadhyay et al., 2003; Garcia et al., 2010) . East Molokai, Honolulu, West Maui, and North Arch data from the GEOROC database and Yang et al. (2003) . Oahu-Kauai Channel samples are West Ka'ena submarine cone alkalic lavas from Greene et al. (2010) . Thick blue lines in (a) indicate other rejuvenated suites, identified by arrows. Dashed line is the Loa-Kea dividing line; continuous black line is a best-fit regression through Kaula Island data; green line is a best-fit line through Koloa data. Niihau basanite T318-R19 is marked in (b).
been partitioned into the melt phase. In the rejuvenated stage lavas of Kauai and Niihau, the rocks that exhibit the largest enrichment of Sr relative to the REE are the alkalic basalts that represent the highest degrees of melting in rejuvenated stage suites, whereas basanites and nephelinites that form at lower degrees of melting have only a small or no Sr enrichment. However, if a carbonate phase is broadly present in the upper mantle beneath Kauai and Niihau, why does it not contribute at all degrees of partial melting? Rather than being broadly present, the carbonate phase may be locally concentrated within the rejuvenated stage mantle source within the DRC, such that mantle with a higher DRC and carbonate content results in higher per cent melting, but mantle that lacks the carbonate-rich DRC component melts to a much lower degree. The presence or absence of the carbonate phase is thus responsible for the wide range of silica contents and trace element characteristics in rejuvenated stage volcanic rocks from Kauai and Niihau. It is remarkable that the carbonate-rich phase is so prevalent beneath Niihau compared with all other rejuvenated lava suites.
Rejuvenated-stage source variations across the hotspot track Bizimis et al. (2013) compiled isotopic data for rejuvenatedstage lavas from Kaula Island, Niihau, Kauai and the , from this study. T318-R19 is distinct from other Niihau lavas and plots in the Kauai data field, but has isotopic ratios that are more Niihau-like (Fig. 17b) .
North Arch field to evaluate variations in rejuvenated source characteristics along a SW-NE transect across the Hawaiian hotspot. Pb isotope ratios are highest and Nd isotopic ratios lowest near the center of the plume track at Kauai, suggesting that the plume component is more prevalent in the central regions of rejuvenated stage volcanism whereas the DRC component contributes more to volcanism along the peripheral regions.
Source heterogeneity and the conditions of melting at the time of eruption are reflected in trace element variations (SD Electronic Appendix 15). Incompatible element ratios indicate that geochemical components in the rejuvenated source are not symmetrically distributed across the old plume track. Gd/Yb pmn varies as a function of residual garnet in the source and the depth of melting. The greatest range in Gd/Yb pmn , and highest values, are in lavas from Kauai, whereas the peripheral areas of the plume track have generally lower and less variable Gd/Yb pmn . It appears that melts along the margin of the plume track equilibrated with the mantle at shallower depths (especially at Niihau) than those from the center of the track. Th/La is lowest along the southern periphery of the track and increases steadily to the NE from Niihau to North Arch. La/Nb is high to the SW, low in the centre, and intermediate to the NE, whereas Ba/La is highest in the SW and decreases progressively to the NE. Sr/Ce and Sr/P decrease from SW to the plume track centre (Kauai) and are constant from Kauai to North Arch to the NE, indicating that the high-Sr/Ce carbonate phase is most prevalent on the SE flank of the zone of rejuvenated stage activity.
GEOLOGICAL HISTORY OF KAUAI AND NIIHAU
Kauai, Niihau and Kaula Island are located along a major SW-NE topographic spur oriented perpendicular to the Hawaiian hotspot track. Kauai and Niihau share some common geological characteristics, including overlapping shield-building periods, uncommon postshield volcanism, and abundant rejuvenated-stage volcanism from c. 2Á5 Ma to the present. However, recent studies of the geochemistry and geochronology of lavas from Kauai (this study; Garcia et al., 2010; Sherrod et al., 2015) indicate that the geological evolution of Kauai is characterized by continuous transitions between shield, postshield, and rejuvenated stages of activity, unlike any other island in the Hawaiian chain. Figure 19 presents Pb/ 204 Pb ratios in lavas and dykes as a function of KAr or Ar-Ar age from Kauai and Niihau. Unfortunately, none of the Kauai shield lavas from this study has been dated; the dashed-line box in Fig. 19a encompasses the range of previous K-Ar dates and our Nd isotopic data for Kauai shield lavas. We have split the shield basalts into Napali (N), Haupu (H), and Olokele-Makaweli (OM) types based on relative age estimates. All other data points in Fig. 19 Pb (both in the ratio and in the variability) with time in the Kauai rejuvenated series beginning at $3 Ma, indicating a greater involvement of the DRC source towards the present (Fig. 19a and b) . There is no apparent geographical control on the isotopic composition of the Kauai rejuvenated lavas.
The eruption of lavas with rejuvenated stage geochemistry beginning at 3Á9-3Á7 Ma, indicating a possible temporal overlap with the postshield stage, suggests that the depleted mantle (rejuvenated) source was present beneath Kauai during the end of the shield-building stage. It has been proposed that a depleted mantle component was also present during shield stage volcanism on Kauai (Mukhopadhyay et al., 2003) . An increase in plume flux at $5 Ma (Van Ark & Lin, 2004; Vidal & Bonneville, 2004 ) might allow the depleted mantle component to become entrained early in the volcanic history of Kauai. If the rejuvenated stage source is evident in lavas as old as the late shield stage, then no secondary melting process (i.e. lithospheric flexure) is required to initiate the rejuvenated stage volcanism of the Koloa Volcanics.
The isotopic compositions of alkaline lavas dredged from volcanic cones in the Kauai-Oahu Channel, dated at 1Á39-0Á37 Ma, overlap with those of coeval Koloa lavas (Figs 17b and 19) . Despite the geographical separation of the submarine cones and the island of Kauai, the submarine cone lavas include the same proportion of DRC in their source as onland Koloa lavas between 1Á4 and 0Á4 Ma.
Niihau's geochemical evolution is very different from that of Kauai ( Fig. 19c and d) . Shield tholeiites and lateshield stage mildly alkaline lavas and intrusions overlap in Nd isotopic composition, indicating no significant change in mantle source contributions. This was followed by a long hiatus in volcanic activity from $4Á7 to 2Á4 Ma, when the oldest of the Kiekie lavas was erupted. Two Kiekie lavas, 70-NII-4 and 70-NI-21, dated at 2Á35 and 2Á05 Ma in age, may represent an early stage of Kiekie eruptions at the south end of the island. Other onshore Kiekie lavas from 1Á38 to 0Á35 Ma in age and dated submarine Kiekie lavas from 1Á37 to 0Á39 Ma in age together form a later, primarily <1 Ma pulse of rejuvenated stage activity. Rocks of the three stages of activity on Niihau are isotopically more similar to one another than are rocks from the three stages on Kauai.
CONCLUSIONS
The neighboring islands of Kauai and Niihau display both similarities and differences as the two volcanoes evolved through shield, postshield, and rejuvenated stages of activity. Both shield volcanoes formed between c. 5Á7 and 4Á3 Ma, and both are composed of tholeiitic basalts, although picritic lavas are more abundant on Kauai. Olivine crystals are commonly xenocrystic in the most MgO-rich lavas from both shields. The Niihau shield rocks are more evolved than most of those from Kauai, although most trace element ratios (La/Sm, Ba/ Nb, Nb/Y) from the two shields overlap. Niihau shield basalts have higher Gd/Yb than Kauai shield basalts, suggesting a higher residual garnet content in the plume source beneath Niihau. Incompatible element ratios and Pb, Sr and Nd isotopic compositions from both shields overlap with Kea-type volcanoes but are transitional to Loa-like compositions. Niihau shield lavas extend to marginally higher 143 Nd/ 144 Nd ratios than Kauai shield lavas. At Kauai, the Loa-like composition is more evident in shield lavas from the eastern side of the island, as noted in other studies, and we propose that this reflects melting of the cooler edge of the Nd and published ages for the Waimea Canyon Basalt group. It should be noted that Kauai rejuvenated stage melilitites with the highest Pb isotope ratios are not dated and hence are not plotted (this study; Clague & Dalrymple, 1988; Garcia et al., 2010) . Large blue squares are dated Haupu lavas and orange circles are postshield rocks from Garcia et al. (2010) ; b, basanite; m, mugearite; th, tholeiite. HTZ data from Sherrod et al. (2015) , and Kauai-Oahu (K-O) Channel data are from Greene et al. (2010) . Kauai shows almost continuous volcanic activity from c. 5Á7 Ma to the present day, whereas volcanism on Niihau is episodic. The exact timing of Niihau submarine postshield basanites is unknown.
Hawaiian plume, emphasizing melting of enriched components in the plume as Kauai drifted off the center of plume activity. The geochemical similarity in shield volcanism at the two islands is inconsistent with a laterally or concentrically zoned plume between 6 and 4 Ma, and the two islands may represent a broad burst of plume activity with a Kea-flavor associated with the arrival of a solitary wave at the base of the lithosphere. The solitary wave may better average the contributions from plume components over the breadth of the plume head, rather than produce a geochemical 'double chain' that is evident in the southeastern Hawaiian Islands.
Both Niihau and Kauai include rare, but different, postshield lavas that overlap in age with shield tholeiitic basalts. Postshield lavas and dykes from Kauai are of alkalic basalt to mugearite and range in age from 4Á39 to 3Á6 Ma. Garcia et al. (2010) included tholeiitic and basanitic lavas in the postshield stage, but we conclude that the basanites are part of the rejuvenated stage on Kauai. Postshield hawaiites and mugearites have undergone fractionation of clinopyroxene plus olivine, like the postshield rocks of the Laupahoehoe Formation on Mauna Kea. The hawaiites and mugearites have Pb, Sr and Nd isotopic ratios that are distinct from those of shield lavas and include more of a depleted mantle component. In contrast, late-shield to postshield lavas from Niihau fall into two groups, late-shield transitional basalts and postshield basanites. Five late-shield basalts are dated at 5Á42-4Á74 Ma and differ only slightly in chemical and isotopic composition from the Niihau shield lavas. The postshield basanites form conical cones along a rift zone, consistent with a postshield origin, but are undated. Although the major element and trace element compositions of the basanites resemble rejuvenated-stage lavas from the Hawaiian Islands, their isotopic ratios overlap with the Niihau shield rocks.
Rejuvenated stage volcanism covers much of both Niihau and Kauai, unlike the younger Hawaiian volcanoes, and is also abundant to the SW (Kaula island) and the NE (North Arch field). The abundance of rejuvenated stage magmas on the older islands is probably driven by several factors. Our view is that rejuvenated stage sources are present as part of the plume. Partial melts from these sources may make contributions to shield volcanism (Mukhopadhyay et al., 2003) , but their relative contributions to magmatism increase as the shield volcano migrates away from the plume center. Rejuvenated stage magmas then exploit any escape route, such as lithospheric fractures, to the surface. It is also expected that rejuvenated stage volcanism should become more abundant moving downstream of the plume center (older islands) as more and more partial melts of the rejuvenated source have a chance to migrate to the surface.
The rejuvenated stage Koloa Volcanics on Kauai are MgO-rich alkalic basalts to melilitites, dated from c. 3Á9 to 0Á15 Ma, with the largest volume erupted after 2Á6 Ma. The Kiekie Basalts on Niihau are almost exclusively alkalic basalt with MgO between 12Á5 and 6%, range from 2Á32 to 0Á35 Ma in age, and form onland lava flows and submarine flat-topped cones. Variations in incompatible element ratios, Sr and Ba excesses, and Pb isotope ratios in Koloa lavas are consistent with contributions from two isotopically and trace element ratio distinct mantle components. In Pb isotope space, alkalic basalts plot close to the DRC of Bizimis et al. (2013) Pb/ 204 Pb, which dominates the composition of rejuvenated stage samples from Niihau and Kaula Island. Koloa melilitites have high Pb and low Nd isotope ratios that may reflect mixing between the Loihi and Kea components. The latter components are tapped at low degrees of partial melting, and as the degree of melting increases the contribution from the DRC increases. The Kiekie alkalic basalts are exclusively high per cent melts with low concentrations of incompatible elements compared with Koloa lavas. The Kiekie lavas are all highly enriched in Sr relative to Ce, and require an Sr-rich phase such as a hydrous carbonatite or carbonate to explain the trace element geochemistry and Sr isotope ratios. The excesses of Sr in both Koloa and Kiekie alkalic basalts indicate that the Sr-rich phase facilitates melting to relatively high degrees, because this phase is not evident in basanites to melilitites from Kauai or other Hawaiian rejuvenated stage suites.
Contemporaneous rejuvenated stage lavas are present in a SW-NE transect across the Hawaiian plume track, from Kaula Island NE to the North Arch field. Bizimis et al. (2013) noted isotopic zonation across the transect, showing that the plume component was more prevalent near the center (Kauai) and that the DRC contributed more to volcanism along the periphery of the track. However, the DRC is heterogeneous in its incompatible element ratio signature, with high Sr and Ba but low Th and Nb only on the SE flank of the plume track.
Kauai and Niihau share many geological characteristics, including temporal overlap of magmatic stages, rare postshield activity, and abundant rejuvenated stage volcanism. Unlike Niihau, Kauai is characterized by a near-continuous transition from shield to postshield to rejuvenated composition volcanic products, accompanied by significant changes in geochemical and isotopic composition with time. Based on the existing geochronology data for Niihau, a large age gap exists between shield-postshield and the onset of rejuvenated stage activity, typical of other Hawaiian islands. Compared with Kauai, the isotopic composition of volcanic rocks from Niihau varies little throughout the island's lifespan. Only the submarine postshield basanites are distinctive in major and trace element composition, and represent a composition that is unique in the Hawaiian island chain. 
